R
heumatoid arthritis is one of the most common immune mediated diseases, occurring worldwide in about 1% of the adult population. Its major distinctive feature is chronic, symmetrical, erosive synovitis, with the formation of a highly proliferative and invasive granulation tissue referred to as ''pannus.'' It is a complex disease with poorly understood pathogenesis, but the involvement of both cellular and humoral autoimmune mechanisms has been clearly demonstrated.
Various autoantibodies are present in the serum of rheumatoid patients. Among these are autoantibodies to deiminated or ''citrullinated'' proteins (anti-citrullinated protein antibodies or ACPA), which are now recognised as being the most disease specific. [1] [2] [3] Their detection is increasingly being used as a diagnostic tool, though the presence of rheumatoid factor (RF) remains the sole serological criterion used in the classification of rheumatoid arthritis. 4 The ACPA encompass several overlapping autoantibody families, including the so called antikeratin antibodies (AKA) and antiperinuclear factor (APF). AKA and APF have been shown to recognise deiminated forms of filaggrin or its precursor profilaggrin. [5] [6] [7] [8] There is evidence that citrullyl residues in the context of specific amino acid sequences are the epitopes recognised by ACPA. 8 9 However, squamous epithelia do not correspond to the sites of rheumatoid inflammation, and (pro)filaggrin is not expressed in articular tissues. 8 Indeed, in synovial tissues major ACPA targets have emerged that were identified as deiminated forms of the a and b chains of fibrin. 10 On the other hand, ACPA have been shown to be produced by plasmocytes of the rheumatoid pannus and to be concentrated in the rheumatoid synovium. 11 The simultaneous presence of ACPA and their antigenic targets in the rheumatoid synovium suggests that the interaction of ACPA with deiminated fibrin plays a crucial role in the pathogenesis of rheumatoid arthritis. This hypothesis is supported by the fact that ACPA appear early in the disease course, [12] [13] [14] often before any clinical symptoms, [15] [16] [17] [18] and are associated with the most severe forms of the disease. [19] [20] [21] [22] The enzyme responsible for the conversion of arginyl residues into citrullyl residues-peptidylarginine deiminase (PAD)-has been detected in many mammalian tissues. cDNA cloning analysis has shown the presence of five isoforms in rodents: PAD I, 23 24 PAD III, 25 PAD II and PAD IV, 24 26-28 and ePAD, 29 which was recently provisionally named PAD VI. 30 Five isoforms of human PAD have also been cloned: PAD I, 31 PAD II, 32 PAD III, 33 PAD V, 34 which is the enzyme most closely related to rodent PAD IV and was therefore renamed PAD IV, 30 and finally, the latest cloned isoform which has tentatively been named PAD VI in order to avoid confusion with human PAD IV/V. 35 PAD I has been detected in the epidermis, 31 PAD II in sweat glands, 36 and PAD III in hair follicles, 37 while PAD IV has been found in the precursors of macrophages and neutrophils, 38 39 and PAD VI mRNA has been detected in the ovary, testis, and peripheral blood leucocytes. 35 The genome-wide linkage study of rheumatoid arthritis sibling pairs conducted in 1998 by the European Consortium for Rheumatoid Arthritis Families (ECRAF) 40 found evidence of linkage in the 1p36 locus encompassing all the known PADI genes. More refined analysis has recently confirmed this finding 41 : microsatellites D1S2644 and D1S478 showed evidence of linkage, suggesting the possible existence of a candidate gene in this region of chromosome 1.
Recently, a case-control association study analysed the single nucleotide polymorphisms (SNPs) located in the PADI genes region in Japanese patients with rheumatoid arthritis. In that study no significant associations were found with SNPs in the genes PADI1, PADI2 and PADI3. On the contrary, the investigators identified a haplotype of the PADI4 gene associated with susceptibility to rheumatoid arthritis and with the presence of ACPA. 42 Our aim in the present study was to test the hypothesis that the PADI4 gene may similarly confer susceptibility to rheumatoid arthritis in a white French population. To do this, we analysed 100 white trio families composed of one affected subject and the two parents, using powerful and highly reliable family based association tests. Given the putative susceptibility haplotype frequency of 32% in patients and 25% in controls reported in the Japanese population, 42 and assuming that the frequencies would be similar in our population, with our sample size we had a 93% power to observe an increased frequency of the putative haplotype in patients compared with controls, and a 46% power to observe a significant difference.
METHODS

Patients and controls
All subjects provided their informed consent, and the ethics committee of Hôpital Bicêtre (Kremlin-Bicêtre, France) approved the study.
Families with rheumatoid arthritis were recruited through a national media campaign followed by the selection of individuals who fulfilled the 1987 American College of Rheumatology (formerly the American Rheumatology Association) revised criteria for rheumatoid arthritis. 4 All clinical data were reviewed by a rheumatologist. One hundred white French trio families composed of one affected subject and the two parents (with four white European grandparents) were investigated. Among the 100 rheumatoid patients, 87 were women and 13 were men; their mean age at disease onset was 39.6 years, 72% were RF positive, and 86% had erosive disease.
DNA purification
Genomic DNA was purified from peripheral blood mononuclear cells by standard methods.
Primer design
Primer pairs were designed using Primer 3 (web based version at http://www-genome.wi.mit.edu/cgi-bin/primer/ primer3_www.cgi), and then checked by Amplify 1.2 (Bill Engels, University of Wisconsin, Madison, Wisconsin, USA) and VectorNTI. Primer pairs obtained as described above and matching the PADI4 gene sequence only (verified by a blast search on the entire human genome) were synthesised and used for the amplification of the exons and SNP containing sequences.
PCR-SSCP
Polymerase chain reaction (PCR) amplifications were carried out on each sample in a 25 ml reaction volume consisting of 106PCR buffer (Perkin Elmer, Boston, Massachusetts, USA), 0.5 mM of each primer, 0.1 mM of each dNTP, 1.25 units of TaqGold DNA polymerase (Perkin Elmer), 3 mM MgCl 2 , and 50 ng of genomic DNA, diluted to the final volume with water. PCR amplification was done in a Mastercycler Gradient. After an initial denaturation step at 94˚C for five minutes, the optimum number of cycles and temperatures were defined for each amplification product. The PCR products were run on 2% agarose 1X TBE gel (Tris/borate/ EDTA buffer) to verify the size and the quality of the amplified DNA.
For the single strand conformational polymorphism (SSCP), the amplification products were mixed with an equal volume of formamide loading dye (95% formamide, bromophenol blue-xylene cyanol 5%) and subjected to electrophoresis under non-denaturing conditions on 12% polyacrylamide gels with 5% glycerol at 4˚C for 15 to 20 hours in TBE 0.56 under a constant power of 5 watts. Single stranded DNA fragments in the gel were visualised by Syber Green staining (Tebu, France) under ultraviolet light.
The nucleotide sequence of the allelic variants defined by SSCP was confirmed by direct sequencing. Fluorescence based automated cycle sequencing of the PCR products was undertaken using an ABI DNA sequencer (PE Applied Biosystems, Foster City, California, USA).
PCR-RFLP
All the SNPs (RS188_1, RS188_2, PADI4_92, PADI4_96, and PADI4_102) are located in the contig NT_030584.10 (positions 456724, 456806, 484839, 487146, and 498564, respectively). Restriction fragment length polymorphism (RFLP) genotyping was carried out in the 100 rheumatoid families. We used the following primers for the PCR (forward and reverse, both 59R39): RS188_1 GTGTGGCTGAAATGCAGTG AGGTA and CTCCAGGCTCCCCACGTTACTT; RS188_2 GGGT CCCCTACAGTCTGTTCT and CCAGTGCAATCGGTACAAAG; PADI4_92 CCCAACTTTGTCTCCCCAGT and CGAGGTCCACA TCAAAGAGGATG; PADI4_96 AAACGACCTGCCCATTC and GGAAATACATAAGCCAAAAT; PADI4_102 CTGGCCCAGGCA CCACCAG and AGGGTTTCGGCAGCTGTGCC.
The restriction enzymes used were RsaI, NlaIII, MspI, HaeIII, and RsaI, respectively. Serological characterisation of the rheumatoid patients ACPA were detected by a commercially available assay based on cyclic citrullinated peptides (CCP) (QUANTA Lite TM , CCP2, Inova Diagnostic, San Diego, California, USA) and by an enzyme linked immunosorbent assay (ELISA) recently developed in house, based on in vitro deiminated human fibrinogen (AhFibA, anti-human fibrin(ogen) autoantibodies).
2 Sera were considered positive for anti-CCP antibodies when the level was higher than 20 U (specificity .95%). Sera were considered positive for AhFibA using a cut off allowing a specificity higher than 98.6%.
Statistical analysis
The single locus association analysis of the PADI4 gene was carried out by means of the transmission disequilibrium test (TDT), implemented in the Genehunter2 program. 43 TDT compares the transmission of the SNP alleles from heterozygous parents to affected offspring with Mendel's expectation (50%) using a bilateral x 2 test with one degree of freedom.
Genotype relative risk (GRR) was calculated using the Lathrop method. 44 GRR compares the differences in genotype distribution between rheumatoid patients and controls; controls are reconstructed genotypes from non-transmitted parental alleles. The Hardy-Weinberg equilibrium of each SNP was investigated using a bilateral x 2 test with one degree of freedom.
Linkage disequilibrium was tested for each pair of markers by the Arlequin version 2 program. PADI4 haplotypes were inferred using the algorithm implemented in Genehunter2 (''haplo'' option). The haplotype frequencies were estimated using the Arlequin version 2 program (Schneider S, Roessli D, Excoffier L. Arlequin: a software for population genetics data analysis, version 2.000. Genetics and Biometry, 2000).
RESULTS
To analyse the PADI4 haplotypes in the white French population, we selected three SNPs (PADI4_92, PADI4_96, and PADI4_102) that allowed us to describe the four haplotypes detected in the Japanese population.
We extended the analysis to the 59 region of the gene and carried out a preliminary SSCP study which detected an allelic variant. This was confirmed by direct sequencing which showed two SNPs located very close to one another: RS188_1 and RS188_2.
Association study
These five markers were typed by PCR-RFLP in the 100 rheumatoid patients and their parents. Each marker was in Hardy-Weinberg equilibrium in the control population (made up of non-transmitted parental chromosomes). The markers were not associated with the disease, nor were they preferentially transmitted by the TDT and GRR tests (table  1A ). All the markers tested were in linkage disequilibrium.
Haplotype analysis
The analysis of the haplotypes showed that six of them had a frequency greater than 5% in our population. No haplotype was associated with the disease by any of the statistical tests used (table 2A) .
Mapping the upstream SNPs RS188_1 and _2, we detected three haplotypes containing the one which conferred susceptibility to rheumatoid arthritis in Japanese patients (GCC haplotype, corresponding to haplotypes 3, 7, and 8 in table 2A). Only one of these had a frequency greater than 5%.
Analysis of the haplotype frequency, haplotype transmission (table 2A) and GRR (table 3) for the group of GCC haplotypes did not show any difference between the control and patient populations.
Patients were then subgrouped according to the presence of ACPA detected by ELISA either onto cyclic citrullinated peptides (anti-CCP antibodies) or onto deiminated fibrinogen (AhFibA). The tests were positive in 71 and 63 patients, respectively, with 84% concordance between the tests. The SNPs were analysed in the CCP positive patients (table 1B) and the AhFibA positive patients (table 1C) , and again no SNP was either associated with the disease or preferentially transmitted by the TDT and GRR tests.
No haplotype (including GCC haplotypes) was associated with the disease in these subgroups of patients (table 2B and  2C) .
DISCUSSION
The results of the present study indicate that the PADI4 haplotype associated with rheumatoid arthritis in the AFBAC, affected family based controls; AhFibA, anti-human fibrin(ogen) autoantibodies; CCP, cyclic citrullinated peptides; freq transm, frequency transmitted; freq untransm, frequency untransmitted; GRR, genotype relative risk; RA, rheumatoid arthritis; TDT, transmission disequilibrium test.
Japanese patients showed no such association in a white French population.
In the study carried out by Suzuki et al, 42 830 patients and 736 controls were typed for 119 SNPs distributed along 445 670 base pairs located in the contig NT_034376.1 on the chromosome 1p36. An SNP in the PADI4 gene (Padi4_94) showed a highly significant association with rheumatoid arthritis. Moreover, 17 SNPs were used to undertake a haplotype analysis of the PADI4 gene, and among the most frequently represented haplotypes one showed an association with rheumatoid arthritis.
On the basis of these results we carried out an analysis on 100 white French families composed of one affected subject and the two healthy parents. Three SNPs allowed us to describe the four haplotypes that are the most often represented in the Japanese population, including the one conferring susceptibility to the disease. These SNPs and others located in the upstream region of PADI4 were typed by RFLP. In our population, no SNP was significantly associated with rheumatoid arthritis.
The two haplotypes (CTC ''non-susceptible'' and GCC ''susceptible'') most often detected in the Japanese population (frequencies of 0.60 and 0.25, respectively) were present in similar frequencies in our population (frequencies of 0.52 and 0.20). Despite its similar frequency, the haplotype associated with rheumatoid arthritis in the Japanese population was not associated with the disease in our white French population.
This negative result does not appear to reflect a lack of power, because we did not even observe a trend for an association of the susceptible haplotype (in the homozygous state) with rheumatoid arthritis. In fact, the frequency of this haplotype was lower in patients than in controls.
Similar negative results were recently reported by a group in the United Kingdom, who carried out a case-control study on 839 rheumatoid patients and 481 controls. 45 The two haplotypes (CTC and GCC) were also highly represented in the white British subjects (frequencies of 0.59 and 0.39, respectively). No association of rheumatoid arthritis with either a single SNP or haplotypes of the PADI4 gene was detected, even when the patients were stratified according to markers of disease severity or to the presence of the shared epitope.
Similarly, we did not find any evidence of association between the PADI4 gene and rheumatoid arthritis, even partitioning the patients according to RF positivity, shared epitope, or the presence of erosions (data not shown). Moreover, when patients were subgrouped according to the presence of ACPA, measured by two different methods, again no SNP or haplotype was associated with rheumatoid arthritis in ACPA positive patients.
The lack of replication of the Japanese findings in a white population could reflect differences in disease severity in the patient populations. However, similar positivity for rheumatoid factor was reported in all three studies.
Thus two independent studies of different experimental designs, a case-control study and a family based study, failed to detect any association between PADI4 and rheumatoid arthritis in north European white populations. It should be stressed that the use of family based association tests-that is, the transmission disequilibrium test and the haplotype relative risk-in the present study avoided the major drawback of imperfect matching of cases and controls. Given that no increased frequency of the putative haplotype was observed in patients versus controls, though we had a 93% power to observe such a difference if it existed, our results are strongly against the putative hypothesis. In conjunction with the recently published observation from the UK group, 45 we can conclude that a similar association is ruled out in white European populations. However, an association with other PADI4 alleles, especially alleles that would be relatively rare in the normal population, remains possible. Given these results, a replica study on Japanese patients would be of great interest.
Despite these negative results, PADI genes should still be considered potential candidate genes in rheumatoid arthritis. Indeed, the presence of ACPA exclusively in rheumatoid patients is striking, and PADs are the only enzymes responsible for the production of citrullinated proteins. The pathophysiological link between ACPA and rheumatoid arthritis is further strengthened by the observation that alleles of the shared epitope can present citrullinated peptides. In fact, Hill et al 46 showed that the replacement of arginyl by citrullyl at the peptide side chain position interacting with the shared epitope significantly increases peptide-MHC affinity and leads to the activation of CD4 + T cells in HLA-DRB1*0401 transgenic mice. However, we found no evidence of an association between the PADI4 gene and rheumatoid arthritis, even when our patients were partitioned according to the shared epitope (data not shown).
The contribution of the genes encoding the other PAD isoforms should be more thoroughly investigated, as other susceptible regions containing PADI genes were identified by a refined genome-wide scan (DIS2644 and D1S478). Moreover, in the synovial tissue of rheumatoid patients, expression of not only PAD IV but also PAD II was recently demonstrated. 47 The presence of PAD II mRNA has been detected in CD14
+ cells from peripheral blood and synovial fluid, while the PAD II protein has been detected in significant amounts only in synovial fluid mononuclear cells. 39 Studies are in progress in our groups to evaluate the role of the genes encoding the other PAD isoforms. Other genetic factors such as those affecting tissue specific expression or enzyme activity of PADs may also contribute to the susceptibility to rheumatoid arthritis.
The identification of these genetic factors will aid in our understanding of why the immune response to citrullinated proteins occurs exclusively in rheumatoid arthritis. It will thus contribute to unravelling the pathophysiology of the disease. 
